Background {#Sec1}
==========

High throughput sequencing technologies have prompted sequencing of human genomes at the population level. For instance, the 1000 Genomes Project has reported genome resequencing data from 14 populations and aims to analyze the genomes of a total of 27 populations \[[@CR1], [@CR2]\]. These projects provide us with immense amounts of information regarding human genomic variation and the functional properties of such variation. Still, the coverage of world-wide variation remains limited, and virtually no whole genome resequencing data is available involving populations in western Asia, a region encompassing the eastern Mediterranean basin and the Middle East \[[@CR3]\].

Western Asia has been the main corridor through which initial out-of-Africa migrations have populated Eurasia \[[@CR4]\]. Moreover, the region experienced a massive demographic expansion during the early Holocene with the establishment of large, agricultural societies in the region \[[@CR5]\], which subsequently shaped the genetic structure of Europe through migrations \[[@CR6]\]. The demography of the region was later influenced by the movement of Turkic speaking populations beginning from 11^th^ Century A.D., which occurred with disputed intensity and frequency, but with undoubtedly profound linguistic impact \[[@CR7]\]. In addition to early population movements, there were subsequent population events that had a major influence on the genetic variation in the region, including demographic shrinkage and early 20th Century migration, followed by major population expansion and local migrations in the late 20th and early 21st Century \[[@CR8]\]. Locus specific population genetic studies have addressed some of these issues, demarcating Y chromosome \[[@CR9], [@CR10]\], mtDNA \[[@CR11]\], *Alu* \[[@CR12]\] and SNP genotypes \[[@CR13]\] in the general Turkish population. However, an integrative, genome-wide assessment of genomic variation is still missing.

In addition to providing insights into the demographic history of the population, resequencing studies are gaining prominence for identifying variants that are associated with complex, sometimes population specific diseases \[[@CR14]\]. Such assessments are not possible using array technologies, as array probes are designed based on common variation and hence suffer from ascertainment bias \[[@CR15]\]. It is expected that most common genomic variation is shared among populations and only a small percentage of overall genomic variation is confined to geographic regions. However, rare or private (i.e., those that are confined to a particular population) variants have stirred recent attention and may explain heritable diseases and local adaptation \[[@CR16]--[@CR18]\]. Such variants may explain the genetic components of diseases that occur at unusual frequencies in Turkey, including Behçet's \[[@CR19]\], familial Mediterranean fever \[[@CR20]\], and beta thalassemia \[[@CR21]\].

In this paper, we present, for the first time, high coverage (32X to 48X) whole genome re-sequencing data from 16 individuals from Turkey, covering at least 99.1% of the genome at 1X, and at least 98.79% at 5X (Table [1](#Tab1){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Table S1). We sampled the genomes from diverse geographical regions in Turkey, leading to the identification of 651,936 novel SNVs, 542,508 novel indels, and a non-redundant total of 10,731 deletion polymorphisms. It has been shown previously in comparable population genomics studies that even extremely high accuracy SNP calling pipelines cannot avoid a small fraction of false-positive SNPs. These have been shown to be significantly enriched among population specific and rare variants. For instance, a recent study has predicted to have approximately 2,000 false-positive SNPs per genome, even if the overall SNP calling accuracy is 99.4% and the majority of these SNPs were found to be population specific \[[@CR22]\]. To assess the extend to which the population specific variants we detected are false-positives, we used PCR followed by Sanger sequencing. Indeed, of the 24 variable SNV and indel sites that are population specific 7 of them (\~29%) were falsely called as variable sites. This is in contrast with our overall validation results and indicates much higher false-positive rate among the novel variants. However, these results do not change our observation that there are hundreds of thousands of novel variants found in the Turkish population.Table 1**Summary of the Turkish genome project**Sample IDCoverageSNPsNovel SNPsIndels ^1^Novel indelsDeletions ^2^Novel deletions ^3^06A01011136.453,238,98340,780915,917223,3341,93924508P21061136.583,258,88245,582904,093216,3771,69017624D22061139.683,274,22246,468912,202219,2271,71120225A22061133.373,241,67546,364905,503217,6481,67618831P14061136.723,238,06447,316903,106217,0241,71819832A14061133.563,268,10242,525907,291217,0361,72619233M14061132.413,255,96643,745902,853214,6841,74319734S29121037.663,251,62042,144914,379221,8511,88122335C24051134.423,241,91439,450910,516219,4661,73518438I22061135.443,231,73846,475902,232216,8721,68118342S29121031.333,254,63944,041887,958208,5841,66916848S21061138.173,302,28343,599914,063218,2931,70017850G30121037.803,276,50643,416920,203223,1461,93024952C13061132.633,269,13144,621916,643219,9971,88824057M22061131.603,213,22942,705891,337212,6441,65418265A22061148.093,259,57148,211915,187222,5481,676184Non redundant Total8,161,894647,1311,729,238526,1773,292494^1^Indels between 1--50 bp. ^2^Deletions \>50 bp. ^3^Deletions that are not previously reported in the 1000 Genomes Project (both 2010 and 2012 releases).

Our results showed that genetic variation within Turkey clusters with European populations, while showing signatures of admixture from African and East Asian populations, consistent with influence of potential North African interactions and Altaic admixture. Based on our analysis of SNPs reported in GWAS studies that show the highest frequency differences between Turkey and European populations, we find SNPs associated with pigmentation and cholesterol level.

Results and discussion {#Sec2}
======================

Whole genome analysis and variant discovery {#Sec3}
-------------------------------------------

We recruited 16 healthy volunteers from across Turkey (Figure [1](#Fig1){ref-type="fig"}A). The individuals were included in the study irrespective of their mother-tongue/ethnicity; we refer to them collectively as "Turkish".Figure 1**Brief summary of the Turkish Genome Project. (A)** A map of Turkey showing provinces where volunteers were recruited in color. **(B)** Allele frequencies of the SNPs found in Turkish samples and annotated as novel vs. known (dbSNP135 + 1000 Genomes Project). **(C)** Functional annotation of the novel SNPs.

We isolated DNA from blood samples obtained from each individual, and generated whole genome shotgun (WGS) sequence data at high coverage ranging between 32 to 48X, using the Illumina platform (Methods, Table [1](#Tab1){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Table S1). Using BWA \[[@CR23]\] and GATK \[[@CR24]\], we identified an average of 3,254,782 SNPs per individual, and a non-redundant total of 8,161,894 SNPs, of which 651,936 (7.99%) were found to be novel when compared to dbSNP v132 and the 1000 Genomes Project (Figure [1](#Fig1){ref-type="fig"}B). We observed that 3,583 of the novel SNPs found were identified as non-synonymous mutations in protein coding sequence (Figure [1](#Fig1){ref-type="fig"}C). We also indentified a total of 1,765,584 short (\<50 bp) indels. Additionally, using VariationHunter \[[@CR25]\] we identified 1,751 large (50 bp to 100 Kbp) deletions per individual on average (Table [1](#Tab1){ref-type="table"}).

To estimate the false discovery and false negative rates (FDR and FNR) of our SNP calls, we analyzed the same samples using Affymetrix 6.0 SNP arrays (Methods) to genotype for common SNPs. We then compared the microarray results with the SNP calls we generated from WGS. Assuming the SNP arrays as the gold standard, we estimated the FDR to be at 0.174% and FNR as 0.209%.

Common genetic variation in contemporary Turkey {#Sec4}
-----------------------------------------------

Next we studied the 16 genomes with respect to major patterns of population diversity, structure, and migration, comparing these profiles with those in the 1000 Genomes Project \[[@CR2]\]. We found that genome-wide nucleotide diversity (π) in Turkey is comparable to that observed in Europeans, while lower than in Africans or admixed Native American populations, and higher than in East Asians (Additional file [2](#MOESM2){ref-type="media"}: Figure S1). Even though we expect lower values of π in Turkish populations as compared to African populations, it was surprising to find π in European populations equal to or slightly higher than that observed in Turkey. We expected that Turkish genomes might exhibit significantly higher nucleotide diversity, given Turkey's location at the crossroads of out-of-Africa migrations, as well as more recent population movements \[[@CR9]\]. Still, this result should be taken with caution given differences in SNP calling procedures and power between the Turkish and 1000 Genomes Project datasets, which could potentially affect estimated diversity levels.

To obtain an overview of population relationships, we conducted principal component analyses using 16 individuals randomly selected from each one of the 14 populations within the 1000 Genomes Project, combined with the profiles from Turkey (Methods). The first two principal components of the combined dataset replicated the global genetic structure identified in earlier studies (e.g. \[[@CR26]\]). Within this picture, the genetic variation observed among Turkish population clusters with variation observed in European populations (Figure [2](#Fig2){ref-type="fig"}A). The genome profiles from Turkey also overlapped with those of Native American populations. This is interesting, because the genetic affinity of Native American populations to both East Asia and Europe has traditionally been attributed to their Asian origins and subsequent admixture with Europeans \[[@CR27]\]. However, this picture has recently been reinterpreted as evidence of shared Ancient North Eurasian ancestry in Native Americans and Europeans \[[@CR28]\]. This result implies that significant Ancient North Eurasian ancestry might also be found in Turkish genetic profiles; this requires further study.Figure 2**Population genetic relationships between Turkey and world-wide populations. (A)** The first two principal components of the Turkish genome dataset combined with 16 individual population subsets from the 1000 Genomes Project dataset. The first and second components explain 6% and 5% of the total variance, respectively. **(B)** A population tree based on "Treemix" analysis. The populations included are as follows: Turkey (TUR); Toscani in Italia (TSI); Iberian populations in Spain (IBS); British from England and Scotland (GBR); Finnish from Finland (FIN); Utah residents with Northern and Western European ancestry (CEU); Han Chinese in Beijing, China (CHB); Japanese in Tokyo, Japan (JPT); Han Chinese South (CHS); Yoruba in Ibadan, Nigeria (YRI); Luhya in Webuye, Kenya (LWK). Populations with high degree of admixture (Native American and African American populations) were not included to simplify the analysis. The Yoruban population was used to root the tree. In total four migration events were estimated. The weights for the migration events predicted to originate from the East Asian branch into current-day Turkey was 0.217, from the ancestral Eurasian branch into the Turkey-Tuscan clade was 0.048, from the African branch into Iberia was 0.026, from the Japanese branch into Finland was 0.079. **(C)** The first three principal components of the Turkish genome dataset (left panels) and neighbor-joining trees of the 16 subjects (right panels). The upper and lower panels show the same data, except for being colored according to latitude and longitude of subject locations, respectively. The first, second and third principal components each explain \~7% of the total variance. Names of the provinces where each sample are recruited from are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1.

We then estimated the maximum likelihood population tree with migration using the Treemix software \[[@CR29]\] (Methods). The Treemix program models populations as having ancestry from multiple parental populations, it can then calculate migration weights \[[@CR29]\]. These weights are correlated with the fraction of alleles contributed by a parental population; however, they are not an unbiased predictor of this fraction.

In the Treemix analysis, Turkish samples clustered together with South Europe/Mediterranean populations: Iberians from Spain and Tuscans from Italy (Figure [2](#Fig2){ref-type="fig"}B). Within the worldwide population tree, two of the four predicted migration events involved Turkey. The strongest predicted migration event represents admixture from the root of the East Asian branch into Turkey, which could be reflecting Central/South Asian population migration \[[@CR10]\]. The second migration pattern represents admixture from the root of the Eurasian branch (close to the African branches) to the common node between Turkey and Italy. The algorithm predicts a parallel branch from Africa into Spain. These patterns plausibly reflect South Mediterranean admixture into North Mediterranean, as observed for other populations in the Mediterranean basin \[[@CR30]\].

The weight for the migration event predicted to originate from the branch ancestral to all Eurasians (presumably Middle East and North Africa), to the Turkey-Tuscan clade, was only 0.048. In comparison, the weight for the migration event predicted to originate from the branch ancestral to East Asia (presumably Central Asia) into current-day Turkey was 0.217. Although this implies a major population event from the East to West Asia, we note that these weights are not direct estimates of the migration rates. First, the original contributing populations to the ancestral population in Turkey are not known. For instance, we do not know the exact genetic relationship between current-day East Asian populations and the Turkic speakers from Central Asia who migrated into Anatolia about 1,000 years before present. In fact, Hodoglugil and Mahley, using HGDP genotyping data, predict that South Asian contribution to Turkey\'s population was significantly higher than East/Central Asian contributions \[[@CR13]\], suggesting that the genetic variation of medieval Central Asian populations may be more closely related to South Asian populations, or that there was continued low level migration from South Asia into Anatolia. Another possibility is Ancient North Eurasian genetic contribution to both the historical Anatolian and East Asian populations \[[@CR28]\], which might have been interpreted as migration in this dataset. Second, Pickrell and Pritchard \[[@CR29]\] also note that in their simulations, the weights underestimate relatively high admixture proportions. Data from more closely related populations coupled with extensive population genetic simulation may eventually allow determining the relative contributions of migration events that shaped population variation in Turkey.

Finally, we investigated possible population structure within Turkey. Principal component analyses did not reveal any subclustering among the 16 individuals, and we found no evidence for longitudinal or latitudinal divergence (Figure [2](#Fig2){ref-type="fig"}C). Supporting this lack of structure, we found no correlation between genetic distances among subjects and geographic distances among subject locations (Mantel test p \> 0.10). One explanation for this observed pattern is the well-documented high-levels of recent population mobility within this geographic region \[[@CR31], [@CR32]\]. However, this pattern might not be exclusive to Turkey; for example, a neighbor joining tree of 98 Tuscan individuals in the 1000 Genomes Project similarly displays a star-like phylogeny (Additional file [3](#MOESM3){ref-type="media"}: Figure S2), i.e., we observe long terminal branches coalescing at about the same time, indicating lack of structure within the population.

Genetic variants exhibiting unusual frequency in the Turkish samples {#Sec5}
--------------------------------------------------------------------

The assessment of whole genome and exome sequencing data at the population level has shown that due to recent population growth, human populations carry an excess of rare genetic variants \[[@CR17]\], many of which can be functional \[[@CR33]\]. Indeed, we identified 5,523 synonymous or non-synonymous rare --i.e., variants that were found in a single Turkish chromosome but not in any other population - and 7 synonymous or non-synonymous private --found in more than 3 Turkish chromosomes, but not in any other population- single nucleotide variants (SNVs) in the Turkish population (Additional file [4](#MOESM4){ref-type="media"}: Table S2). As expected, rare SNVs are significantly more likely to be non-synonymous than SNPs observed in multiple populations (Figure [3](#Fig3){ref-type="fig"}). We further scrutinized 3 non-synonymous private alleles. Interestingly, one of these genes, *CCDC82*, was shown to evolve under positive selection in humans, and diverged from Neandertals \[[@CR34]\]. Indeed, the non-synonymous private SNP in the Turkish population observed at chr19:50832152, is a T- \> C mutation and homologous to Denisovan haplotype at the orthologous site.Figure 3**The proportion of synonymous and non-synonymous SNPs.** SNPs that are found in a single chromosome among the 16 Turkish genomes (Rare) show a significant increase in the proportion of non-synonymous SNPs (NonSyn) to synonymous SNPs (Syn), as compared to all SNPs observed in the same population (p \< 0.01, Chi-square with Yates' correction). This increase is even more visible among SNPs that are seen in a single chromosome and are novel (i.e., not found in other databases) (NovelRare).

We then explored potentially functional variants at higher or lower frequency in the Turkish population relative to the closely related European populations (Figure [4](#Fig4){ref-type="fig"}). For this, we compiled the frequencies of published GWAS SNPs among samples resequenced by the 1000 Genomes Project \[[@CR2]\]. We then compared the frequencies of these SNPs in continental populations with what we observed in the Turkish population (Figure [4](#Fig4){ref-type="fig"}A). As expected, the frequency distribution of SNPs in the Turkish population is, by and large, similar to that observed among European populations. To identify potential outliers to this expectation, we compared the frequency distributions of the European and Turkish populations and identified 7 SNPs displaying the highest frequency differences between these populations (Figure [4](#Fig4){ref-type="fig"}B, 0.1st percentile, corresponding to \> \~0.35 absolute difference in frequencies).Figure 4**The allele frequency of GWAS SNPs. (A)** The density distribution of allele frequency of GWAS SNPs among world populations. The distribution of GWAS SNPs in Turkey (TUR) is more similar to that of the European population (EUR) as compared to East Asian (ASN) and African (AFR) populations, indicating a greater proportion of ancestry sharing between TUR and EUR. Meanwhile, there is a higher proportion of common SNPs in both TUR and EUR than ASN and AFR, which is likely due to ascertainment bias in the GWAS studies as described in \[[@CR35]\]. **(B)** The allele frequency of GWAS SNPs between Turkish (y-axis) and European (x-axis) populations. The red dots indicate SNPs in the 0.1 percentile (\>0.345 allele frequency difference) of the absolute allele frequency distributions between Turkish and European populations. rs1129038 and rs12913832, both affecting HERC2 gene, are in strong linkage disequilibrium and, as such, have identical allele frequencies in European and Turkish populations. They are represented as two overlapping dots with 0.31 allele frequency in Turkish population (y-axis) and 0.71 allele frequencies in European population (x-axis). **(C)** The frequency distribution of derived and ancestral alleles for rs6712932 in Africa (ASW, LWK, YRI) Europe (CEU, FIN, GBR, IBS, TSI), Asia (CHB, CHS, JPT) and Americas (CLM, MXL, PUR) and Turkey (TUR). Note the increased frequency of the derived allele in the Turkish population.

Among these 7 SNPs, 2 exist at lower frequencies in Turkey compared to Europe. We found that both are related to pigmentation \[[@CR36]\], and hair color \[[@CR37]\]. Pigmentation is a genetic and variable trait in humans \[[@CR38]\], with lighter skin color being associated with better vitamin D absorption, but higher incidence of skin cancer \[[@CR39]\]. As such, human pigmentation correlates with latitude and the low frequency of this SNP in Turkish population as compared to Europe may reflect positive selection for these alleles in Northern Europe and/or selection against the alleles in Southern Europe and Turkey.

To our surprise, 2 of the 5 SNPs that show higher frequency in Turkish population as compared to Europeans are associated with lower total cholesterol counts. This is particularly interesting, given that the Turkish population has indeed been shown to have lower cholesterol than Western European populations, including total cholesterol, and high and low density lipoprotein cholesterol measures, while carrying relatively high triglyceride levels \[[@CR40]\]. Although cholesterol levels are strongly shaped by diet and lifestyle, they are also under the influence of genetic factors \[[@CR41]\]. The frequency distribution of one of these SNPs (rs7570971), associated with total cholesterol counts \[[@CR42]\], is fixed in Asian continent and almost fixed among African populations, decreased to slightly above 90% in Turkish populations, further decreasing to 49% among Europeans. Therefore, similar to what is observed for pigmentation related SNPs, rs7570971 is best explained by clinal adaptation or drift patterns. More striking is the frequency distribution of rs1169288, another SNP associated with total cholesterol count \[[@CR42]\], which reaches almost 70% in Turkish populations, but is at lower than 10% frequency in Africa and remains a minor allele in other Eurasian populations (except Japan, where it reaches 54%) (Figure [4](#Fig4){ref-type="fig"}C). Intriguingly, however, for both cholesterol level related SNPs, the variant at high frequency in Turkey (A for rs7570971 and C for rs1169288) is reported to elevate total cholesterol levels \[[@CR42]\]. Hence, the contribution of these variants to phenotypic differences between populations needs further study.

Deletion polymorphisms {#Sec6}
----------------------

We used the mrFAST aligner \[[@CR43]\] together with the VariationHunter \[[@CR44]\] algorithm to discover deletions in the genomes of the samples resequenced in this study. We merged individual sample-based callsets, then used the Genome STRiP tool \[[@CR45]\] to both genotype and *in silico* validate our discovery callset (Methods). In summary, we identified 1,751 deletions per individual, with a non-redundant total of 3,292 deletions. To assess novelty, we compared against the 1000 Genomes Project datasets (Methods), and found 199 novel deletions per sample on average (494 total). We did not find any whole-gene deletions, but 21/494 deletions were predicted to delete coding exons where 10/21 were predicted in more than one chromosome (allele frequency \>3%; Additional file [5](#MOESM5){ref-type="media"}: Table S3).

We also analyzed the genomic structure at the 17q21 locus, a region with increased plasticity \[[@CR46]--[@CR49]\], where eight different haplotypes are characterized \[[@CR46]\]. Previous studies have shown that all eight haplotypes show themselves as an inversion polymorphism that exist as two main variants: a direction-orientation haplotype, H1, prevalent in most human populations and an inverted haplotype, H2 which predominantly occurs in European populations \[[@CR46]--[@CR48]\] and presents itself as an 970-kbp inversion \[[@CR49]\]. This complex region has been shown to be associated with increased fecundity and an increase in global recombination and it was shown that the H2 haplotype is enriched in Europeans \[[@CR46], [@CR49]\]. We have found an allele frequency of 31.25% for 17q21.31 H1/H2 inversion polymorphism in the samples we analyzed, which shows an increase when compared to European populations at 25% allele frequency \[[@CR48]\]. One of the samples, sequenced at 34X coverage, was also homozygous for H2 inversion allele (Additional file [1](#MOESM1){ref-type="media"}: Table S1 and Additional file [6](#MOESM6){ref-type="media"}: Figure S3).

Conclusion {#Sec7}
==========

Although the 1000 Genomes Project published in 2012 \[[@CR2]\] had aimed to provide a comprehensive map of human genetic variation, it was not complete: populations in the Eastern Mediterranean and the Middle East were missing from that study. In this paper, we present data from high depth whole genome sequencing of 16 individuals from modern day Turkey to complement the 1000 Genomes Project in an effort to extend our understanding of normal human genetic variation. We provide the first preliminary genome-wide map of single nucleotide variation, as well as deletion polymorphisms in this population and in western Asia.

Our analyses show that genetic variation of the contemporary Turkish population is best described within the context of the Southern European/Mediterranean gene pool. However, we predict notable genetic sharing between Turkey's population and East Asian and African populations. As expected from recent studies, rare and private genetic variation in Turkey has presumably more functional impact than variation shared among populations. We further identified SNPs that were previously associated with diseases that show allele frequency differentiation between Turkey and other Western European populations. Among these, those associated with pigmentation were at lower frequencies in Turkey than in Europe; meanwhile variants associated with total cholesterol levels were at higher levels in the former. Overall, our study improves the framework for population genomics studies in the region, and should incite novel genome-wide association studies in Turkey. Future studies using larger sample sizes will be able to elucidate population structure and history in more detail.

Methods {#Sec8}
=======

Ethics statement and sample collection {#Sec9}
--------------------------------------

Institutional review board permission was obtained from INAREK (Committee on Ethical Conduct in Studies Involving Human Subjects at the Boğaziçi University). We collected blood samples from 16 volunteers after receiving signed informed consent forms from each of the individuals. The individuals that participated in this study were selected to represent different geographical regions of Turkey.

DNA extraction from human blood sample -- NaCl extraction {#Sec10}
---------------------------------------------------------

Approximately 10 ml peripheral blood was collected from each subject into a tube containing K3EDTA to prevent coagulation. Each blood sample was then transferred into a 50 ml centrifuge tube and 30 ml of ice cold red blood cell (RBC) lysis buffer was added. The contents were mixed thoroughly and the mixture was kept at 4°C for at least 20 minutes to lyse the cell membranes. Centrifugation was performed at 5000 rpm at 4°C for 10 minutes. The supernatant containing the RBC debris was removed and the pellet containing the leukocyte nuclei was washed with 3 ml RBC lysis buffer to remove the cell debris. The pellet was suspended in 10 ml of cold RBC lysis buffer by vortexing. After centrifugation at 5000 rpm at 4°C for 10 minutes, the supernatant was discarded, the pellet was cleaned with 3 ml RBC lysis buffer and centrifuged again. 3 ml nuclei lysis buffer was added and the pellet was dissolved by vortexing. In order to digest nuclear proteins, 30 ul Proteinase K (20 mg/ml) and 50 ul of 10% SDS were added, mixed gently and incubated at 37°C overnight or at 56°C for 3 hours. After the incubation step, 10 ml 2.5 M NaCl solution was added to the mixture, shaken thoroughly and centrifuged at 5000 rpm at 20°C for 30 minutes. The supernatant was transferred into a new 50 ml centrifuge tube and approximately 30 ml absolute ethanol was added. The tube was inverted gently until the DNA threads become visible. DNA was fished out with the aid of a micropipette and was left to dry for 2 hours. It was dissolved in 300 ul TE and stored at -20°C. The purity and quality of the extracted DNA were measured at A260/A280, and were found to be within the acceptable range (1.8 - 2.0).

Sequencing {#Sec11}
----------

Whole genome shotgun sequence data were generated using the Illumina HiSeq2000 platform (paired-end 101 bp reads clipped to 90 bp) at BGI-Shenzhen. The sequencing reads that contained Illumina adapter sequences or high number of low-quality bases were removed. We finally obtained sequence data coverage between 32- to 48-fold per sample.

SNP and indel discovery {#Sec12}
-----------------------

We aligned the reads to the human reference genome (NCBI GRCh37) using the BWA aligner \[[@CR23]\] with default options and paired-end mode (*sampe*). For easier comparison and mitochondrial DNA correspondence, we used the GRCh37 version that is used by the 1000 Genomes Project. Next we used the GATK tool \[[@CR24]\] to realign indel-containing reads to the reference genome. We then used GATK UnifiedGenotyper in multi-sample mode to generate SNP and indel callsets separately by pooling the data from 16 genomes. We applied the Variant Quality Score Recalibration filter using the GATK resource bundle version 1.2 to help minimize false positives. We then removed any SNP and indel calls that overlap with segmental duplications to help further reduce false positives. We used the experimental validation data (described below) to approximately calculate the sensitivity and specificity of these call sets.

Validation with SNP microarrays {#Sec13}
-------------------------------

We hybridized the DNA extracted from 15 of the samples with the Affymetrix 6.0 SNP arrays to test for sensitivity and specificity of the call sets. We compared the Affymetrix 6.0 SNP array results with SNPs we obtained from WGS. Assuming that microarray results provide the gold standard, we calculated false discovery rate to be 0.174% on average and false negative rate to be 0.209%.

Deletion polymorphism discovery and validation {#Sec14}
----------------------------------------------

Using the BAM files generated in the previous step, we filtered read pairs that map concordantly to the reference genome within 4 standard deviations around the mean span size. In order to discover all possible mapping locations of the remaining discordant read pairs and unmapped reads in GRCh37, we used the mrFAST aligner \[[@CR43]\] in paired-end mode allowing edit distance of at most 4 for both reads. Next, we used the VariationHunter algorithm \[[@CR44]\] to call putative deletions (\>50 bp) less than 100 Kbp. To calculate the non-redundant set of deletions, we pairwise merged any deletion calls that overlapped at least 80% reciprocally. We then used the GenomeSTRiP tool \[[@CR45]\] to genotype the deletions discovered by VariationHunter. We also used the GenomeSTRiP results as a surrogate for *in silico* validation, and we filtered out any calls that were not successfully genotyped using split-read or read-depth information. We reasoned that any *true* variation discovered with VariationHunter using read-pair information will be supported by read-depth and split-read information used by GenomeSTRiP to genotype the variant in the genomes of multiple individuals. Although it is still possible that GenomeSTRiP may have false negatives in genotyping, therefore incorrectly invalidating a true variant detected by VariationHunter, this effect is acceptable to obtain a more reliable (lower FDR) call set.

As a second *in silico* validation strategy, we counted the number of heterozygous SNPs detected by GATK within the novel deletion intervals. We applied this validation to only the novel deletion calls when compared to the 1000 Genomes Project. We reasoned that, if a deletion is real, then it couldn't contain heterozygous SNPs within, as at least one of the copies is deleted. The only exception to this rule is if the deletion is found within duplication. However, such deletions are too difficult to detect to start with, and filtered out by both VariationHunter and GenomeSTRiP. We found that \>85% of our novel deletion calls contain no heterozygous SNPs; where only 10% contains exactly one heterozygous SNP.

We determined novelty in our call set by filtering those deletions that overlap (\>50% reciprocal) with any of the 1000 Genomes Project releases \[[@CR1], [@CR2]\], or calls discovered within the 1000 Genomes Project but not genotyped. We used the liftOver tool to convert the NCBI Build36 coordinates to GRCh37 for the 1000 Genomes Project Pilot Project results \[[@CR1]\].

PCR validation of the 17q21.31 haplotypes {#Sec15}
-----------------------------------------

Genotypes of each individual were confirmed by PCR by using the primer specific for Tau deletion region using primers 5'GGAAGACGTTCTCACTGATCTG, and 3'AAGAGTCTGGCTTCAGTCTCTC and subsequent capillary based sequence analysis \[[@CR49], [@CR50]\].

Variant annotation {#Sec16}
------------------

We used ANNOVAR (version 2012Oct23) to annotate the detected variants. For gene based and filter based annotation, we used the April 2012 version of the annotation database (hg19-1000g2012apr_all, hg19_ALL.sites.2012_04.txt), and the dbSNP version 132. For comparison against the 1000 Genomes Project, we used the data released by the consortium as Phase I of the project \[[@CR2]\].

Population genetic analyses {#Sec17}
---------------------------

To compare Turkish populations with worldwide populations, we used the phase 1 version of the 1000 Genomes Project dataset \[[@CR2]\]. Average nucleotide diversity was calculated in each dataset separately, using biallelic autosomal SNPs passing the respective quality thresholds. The sum of π values across all SNPs was divided by sum of ungapped chromosome lengths (GRCh37). Next, to compare populations in the two datasets directly, we combined the datasets. For simplicity, as well as to avoid technical biases, we restricted our analysis to biallelic autosomal SNPs polymorphic in both datasets, totaling 7,134,695. We pruned this dataset to remove SNPs in high linkage using the PLINK software, using the recommended parameters (window size = 50, shift = 5, r\^2 = 0.5) \[[@CR51]\], which yielded 1,090,112 SNPs. To further limit ascertainment bias, we randomly chose 16 individual subsets (the same number as in the Turkish sample) from each of the 14 populations represented in 1000 Genomes Project, and required a SNP to be polymorphic in each of these 14 population subsets (except for the IBS population, which originally had 14 samples). This step further reduced the number of SNPs to 208,816. Genotypes were coded as follows: 1 for homozygous reference, 2 for heterozygous, and 3 for homozygous alternative. Using this dataset we first conducted principal component (PC) analyses using the 'prcomp' function in the R environment, after scaling the matrix to unit variance. To further resolve relationships among populations, we used a recently developed method, *Treemix*, that allows constructing maximum likelihood phylogenetic trees while allowing migration from edges to nodes \[[@CR29]\], providing an efficient alternative to STRUCTURE \[[@CR52]\] and similar programs for studying population structure. We removed populations with known large admixture (Native American and African American populations) to focus on admixture events in Turkey. We ran the program with Yorubans as root, grouping SNPs in bins of 100, and allowing for four migrations. We further performed principal component analyses and constructed a neighbor joining tree (using the 'nj' function in the R 'ape' package) on the 16 individuals from Turkey. We additionally calculated the matrix of genetic distances between individuals and compared these distances with geographic distances calculated from longitude and latitude of subject locations, using the Mantel test.

GWAS analysis {#Sec18}
-------------

To compare the frequencies of SNPs associated with phenotypes and disease between Turkish population and other world populations, we calculated the frequencies of SNPs listed in the GWAS Catalog \[[@CR53]\] among world populations using data from 1000 Genomes Project \[[@CR2]\]. Then, we have conducted a pairwise comparison of frequencies of these SNPs observed in Turkish population with populations included in 1000 Genomes Project (Additional file [7](#MOESM7){ref-type="media"}: Figure S4). Our initial results, concordant with our population genetics analysis, indicated that the frequency distribution of GWAS SNPs in European populations is closest to that observed in the Turkish populations. As such, we have calculated the distribution of absolute frequency differences between Turkish and European populations and identified the outliers (0.1 percentile) (Figure [4](#Fig4){ref-type="fig"}).
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Sequence reads are deposited to the SRA read archive (SRP021510). The VCF file that lists all genomic variation characterized in this study is available at: <http://turkiyegenomprojesi.boun.edu.tr/tgp_vcf/TGP.integrated_callset.vcf.gz>.
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Additional file 1: Table S1: Geographic locations of the samples used in the project and their NCBI accession numbers. (PDF 81 KB)
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Additional file 2: Figure S1: Average nucleotide diversity (π) across the genome calculated for the 1000 Genomes dataset populations and the 16 Turkish genomes. Positions with missing data were removed. Hardy-Weinberg filtering was not applied. The populations included are as follows: Turkey (TUR); Utah residents with Northern and Western European ancestry (CEU); Toscani in Italia (TSI); British from England and Scotland (GBR); Finnish from Finland (FIN); Iberian populations in Spain (IBS); Han Chinese in Beijing, China (CHB); Japanese in Tokyo, Japan (JPT); Han Chinese South (CHS); Yoruba in Ibadan, Nigeria (YRI); Luhya in Webuye, Kenya (LWK); African Ancestry in Southwest US (ASW); Mexican Ancestry in Los Angeles, CA (MXL); Puerto Rican in Puerto Rico (PUR); Colombian in Medellin, Colombia (CLM). (PDF 454 KB)
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Additional file 3: Figure S2: Neighbor joining tree of Tuscan individuals from Italy from the 1000 Genomes Project. Individuals are indexed according to their order in the 1000 Genomes dataset. Note the star-like topology of the tree. (PDF 78 KB)
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Additional file 4: Table S2: Characterization of the 7 private SNPs. (PDF 97 KB)
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Additional file 5: Table S3: Novel deletions discovered in the TGP dataset. (PDF 2 MB)
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Additional file 6: Figure S3: To validate our prediction for common inversion polymorphism, we have selected three individuals that are shown to be polymorphic for H1/H1 (38I220611), H1/H2 (33 M140611) and H2/H2 (32A140611) haplotypes. **A)** Read alignments for three individuals within MAPT deletion region (238 bp) \[[@CR49], [@CR50]\] are given. **B)** Genotypes of each individual are also confirmed by RT-PCR and subsequent Sanger-based sequencing PCR analysis are performed to confirm the genotype of H1 and H2 individuals using a diagnostic indel \[[@CR50]\]. (PDF 348 KB)
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Additional file 7: Figure S4: Pairwise comparison of GWAS SNP allele frequencies. Note the expected high correlation of allele frequencies between Turkish and European populations. (PDF 266 KB)
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